The spectrum of the low-energy bands, the recently proposed superdeformed band as well as the high-lying molecular resonances in the 28 Si nucleus is described by the semimicroscopic algebraic quartet model. The connection between the quarteting and clustering is discussed in terms of the multichannel dynamical symmetry. The 12 C+ 16 O and 24 Mg+ 4 He cluster spectra are obtained from the quartet excitations by projection.
Quarteting and clustering are two important phenomena in light nuclei. The former one refers to a special shell model configuration, while the latter one is associated to the molecule-like picture. The investigation of both of them has a long history, and a large variety of models have been invented for their description.
When the cluster is an alpha-particle, which is the most typical and best studied case, the two structures are obviously related to each other: in both cases the basic building block is composed of two protons and two neutrons. Their connection belongs to the general topic of the interrelation between the shell and cluster models, in which the symmetry-considerations have played a crucial role from the beginning [1, 2] . For a recent review of this question and for the collection of references we refer to [3] . In short we can summarize this connection as follows. The shell and cluster models have the U(3) dynamical symmetry as their intersection both for a single shell problem [2] , and for the multi-major shell excitations [3] . It means that the two models have some U(3) bands as a common part. Therefore, algebraic models with transparent symmetry-properties seem to be the best tools for the detailed studies of this relation.
Semimicroscopic algebraic models have been proposed both from the shell and from the cluster sides. In this description the model space is constructed microscopically, and the physical operators are treated phenomenologically. In the semimicroscopic algebraic quartet model (SAQM) [4] the L-S coupling is applied, the model space has a spin-isospin sector, characterized by Wigner's U ST (4) group [5] , and a space part described by Elliott's U(3) [6] . Two protons and two neutrons form a quartet [7] when their spin-isospin symmetry is [1,1,1,1], and their permutational symmetry is [4] . This model can be considered as an effective model [8] , which is obtained as a symmetry-governed truncation of the no-core shellmodel with the U ST (4)⊗U(3) formalism [9] . In the semimicroscopic algebraic cluster model (SACM) [10] the internal structure of the clusters is described by the U ST (4)⊗U(3) shell model, and their relative motion by the (modified) vibron model of U R (4) group structure [11] . (The modification means the exclusion of the Pauli-forbidden states.) For a twocluster-configuration this model has a group-structure of U
. In these semimicroscopic models the physical operators are written in terms of group generators, containing parameters to be fitted to the experimental data. Therefore, algebraic methods can be applied in calculating the matrix elements. In the limiting case of the dynamical symmetry, when the Hamiltonian is expressed in terms of the invariant operators of a group-chain, an analytical solution is available for the energy-eigenvalue problem.
A special symmetry was found in [12, 13] which connects different cluster configurations (including the shell model limit). Since a cluster configuration is defined by a reaction channel this symmetry is called multichannel dynamical symmetry (MUSY). When it holds then the spectrum of one clusterization can be obtained from that of another one (in a favourable case). In what follows we derive the spectra of two clusterizations from the quartet spectrum of the 28 Si nucleus. The reason for choosing the 28 Si nucleus as an illustrutive example is manyfold. i) It has a well-established band-structure in the low-energy region, and to several bands SU(3) quantum numbers could be associated as a joint conclusion of experimental and theoretical investigations [14] . ii) More recently a new candidate was proposed for the superdeformed (SD) band [15] . Theoretical studies predicted the SD band [16, 17] in line with the experimental observation. iii) There are two cluster configurations:
24 Mg+ 4 He, and 16 O+ 12 C, which belong to reaction channels in which fine-resolution measurements revealed a rich spectrum of resonances.
In [12] the connection of these two cluster configurations has been discussed in terms of the multichannel dynamical symmetry.
In the present work we go beyond the former description in several aspects. We calculate the quartet spectrum of the 28 Si nucleus, and obtain the spectra of both clusterizations from the quartet excitations by projection. In doing so we apply a simple Hamiltonian with less number of parameters than in [12] . In addition to the energy spectra we give the E2 transition ratios as well. The new superdeformed candidate band is also taken into account.
Quartet excitations
In the semimicroscopic algebraic quartet model the description of the quartets is based on the nucleonic degrees of freedom [4] . A quartet is composed of two protons and arXiv:1504.04480v1 [nucl-th] 17 Apr 2015 two neutrons with a spin-isospin symmetry of [ 1,1,1,1] , thus only this section of the shell model space needs to be taken into account. Also the physical operators have spin-isospin zero nature. Therefore, the basis states of the model are characterised by the representation labels of Elliott's U(3) group and its subgroups. The Hamiltonian and the transition operators are expressed (in the simplest approximation) in terms of U(3) generators.
The lower most part of Figure 1 shows the experimental bands of the 28 Si nucleus, as established in [14] together with the recently found superdeformed (SD) band [15] . An especially favourable circumstance is that SU(3) quantum numbers are associated to several experimental bands, without any reference to the quartet or cluster studies. (In the experimental spectrum β means β-instabil, while O and P stand for oblate and prolate, respectively.)
The U(3) spectrum is calculated within the SAQM approach. The experimental states are described by the lowest-lying model bands with the appropriate spinparity content. We have applied a U(3) dynamically symmetric Hamiltonian, i.e. an operator expressed in terms of the invariant operators of the group-chain: U(3) ⊃ SU(3) ⊃ SO(3). Therefore, an analytic solution was obtained for the energy-eigenvalue problem. Actually, we have tried a few different energy functionals, as discussed in [4] . Each of them contained a harmonic oscillator term (linear invariant of the U(3)), with a strenght obtained from the systematics [18] hω = 12.11 MeV, and a rotational term with a parameter to fit. The remaining parts were written in terms of the second (Ĉ SU 3 ) invariant of the SU(3). The former one accounts for the quadrupole-quadrupole interaction, and the latter one distinguishes between the prolate and oblate shapes. In order not to destroy the shell structure for the case of large excitations, the major-shell-average of the quadratic invariant ( Ĉ (2) SU 3 ) can be subtracted [19] . The U(3) spectrum of Figure 1 was obtained with the formula:
(1) Here θ is the moment of inertia calculated classically for the rigid shape determined by the U(3) quantum numbers (for a rotor with axial symmetry) [3] ; n is the number of excitation quanta (compared to the ground state), and A = 28 is the number of nucleons. Note that the third term does not introduce new fitting parameter, but a constant coefficient of 1 MeV is quietly understood here. The model spectrum of Figure 1 bandhead-states in the 0-13hω major shells.
Cluster spectra
The connection of different cluster configurations is provided by the multichannel dynamical symmetry [12, 13] . It is a composite symmetry, having a usual dynamical symmetry for each clusterisation, and a further one, which relates them to each other. Its simplest case is the two-channel dynamical symmetry, connecting two cluster configurations. Thus a two-channel dynamical symmetry holds if i) both cluster spectra can be described by U(3) dynamically symmetric Hamiltonians, and ii) a symmetry of the particle-index pseudo space connects these simple dynamical symmetries. Geometrically the latter one is a symmetry of the Talmi-Moshinsky transformations [13, 20] , which connects the coordinate systems that define the two-cluster configurations. In fact, a MUSY originates from a usual dynamical symmetry of an underlying multicluster configuration [13] .
An important consequence of the multichannel symmetry is that the Hamiltonians, as well as other physical operators of the different binary cluster configurations, are related to each other by strong constraints. E.g. in favourable cases the energy functional of a binary configuration can be completely determined from that of another clusterization. (Actually the MUSY was first realised in this empirical way, by finding the relation between the different energy-functionals [12] .)
The MUSY can connect the quartet (shell) model state to other clusterizations, too. Here we show, how the 24 Mg+ 4 He, and 16 O+ 12 C cluster spectra can be obtained from the quartet spectrum by simple projections.
In this description the clusters are considered to be in their intrinsic ground states. Each of the four clusters of the present study have spin-isospin zero quantum numbers, i.e. they belong to scalar representations of Wigner's U ST (4) group. Their space symmetry is given by Elliott's U(3) group, which is known to be approximatelly valid for these light nuclei, therefore, a simple leading representation characterises their ground states, as follows: [16, 8, 4] . A state of an [n 1 , n 2 , n 3 ] symmetry is present in a binary cluster configuration C 1 + C 2 , if the triple product matches with it:
where [n R , 0, 0] stands for the relative motion, and n R is limited from below, due to the Pauli-principle (known as the Wildermuth-condition [1] ).
Until the basis states are determined by the U(3) (and its subgroups) symmetry, and the interactions are dynamically symmetric, i.e. the MUSY holds, the corresponding energies in the quartet and cluster descriptions coincide. (This is a consequence of the fact that the U(3) generators are scalars with respect to the transformations in the particle index pseudo space.) Therefore, by apply-ing the selection rule (2) , not only the the cluster model basis states, but also their energy eigenvalues can be selected, i.e. the cluster spectrum can be obtained from the quartet one by a simple projection.
The
12 C+ 16 O spectrum of Figure 1 shows those bands of the low-energy part, which are present in this cluster configuration, as well as the resonance spectrum from the heavy ion experiments, according to the compilation of [21] . The latter ones are organised into bands according to their energy-differences. The corresponding U(3) spectrum is calculated with Eq. The 24 Mg+ 4 He cluster spectrum contains all the states shown in the Figures. The fact that the core-plus-alpha spectrum incorporates the complete quartet spectrum is not obvious at all. In case of the 20 Ne e.g. it includes only a small part [4] . For the 28 Si the core-plus-alphacluster spectrum is especially rich, due to the fact that several internal degrees of freedom of the 24 Mg couple to the relative motion.
In conclusion we can say that the present study seems to indicate that the semimicroscopic algebraic quartet model is able to describe a rich spectrum of light nuclei. Furthermore, it provides us with the possibility of projecting out different cluster spectra from the quartet excitations. This feature can be especially remarkable for finding the systematics in the heavy-ion resonaces, and realising to what extent the multichannel dynamical symmetry is valid. This work was supported in part by the Hungarian Scientific Research Fund -OTKA (Grant No K112962), and by the International Collaboration of the Al-Farabi Kazakh National University (Grant Nos: 3106/GF4, and 1550/GF3).
